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Aquaporins (AQPs) play a vital role for the transport of water and solutes across cell membranes. Classification of these ubiquitous proteins into three categories (orthodox AQPs, aquaglyceroporins and superaquaporins) is based on their sequence similarity and substrate selectivity. In the male reproductive tract of mammals, most AQPs 
| INTRODUCTION
Suitable concentrations of water and solutes are required for proper cell function and survival. It is thus crucial that the right substances enter cells (e.g., nutrients) and waste substances (e.g., toxins) are eliminated (Watson, 2015) . Biological membranes have an intrinsic, but limited, water permeability that is explained by their lipid composition (reviewed by Törnroth-Horsefield, Hedfalk, Fischer, LindkvidtPetersson, & Richard, 2010) . Indeed, water penetrates slowly this structure by simple diffusion, due to the hydrophobic nature of the lipid bilayer (Matsuzaki et al., 2002) . However, it would be hard to explain water permeability in cells, such as erythrocytes, renal tubular epithelial cells or gametes, if water only passed through plasma membrane via simple diffusion (Huang et al., 2006) . For this reason, Sidel and Solomon (1957) early assumed that water should mainly flow through cell membranes by a passive transport mechanism other than simple diffusion (Parisi, Dorr, Ozu, & Toriano, 2007) .
The first water channel protein (Aquaporin, AQP) was discovered in 1992 by Peter Agre and his colleagues who, while trying to purify a 32-kDa protein related to the determination of Rh blood group, found that a polypeptide of lower molecular weight (28 kDa) was co-purified with the targeted protein. The structural analysis of this molecule indicated that it was an integral membrane protein with no relationship with Rh protein. These researchers suggested that this new protein could be related to water transport and tested this hypothesis using Xenopus oocytes, as they have low water permeability (Preston, Carrol, Guggino, & Agre, 1992) . A cRNA construct encoding for the sequence of this new protein was injected into Xenopus laevis oocytes, whereas control oocytes were injected with water alone. After microinjection, both control and treated oocytes were dropped into distilled water. While control oocytes failed to swell due to their low water permeability, those microinjected with the cRNA encoding for the new protein exhibited higher water permeability, swelled and subsequently exploded. These results confirmed the initial hypothesis and this protein, which was initially named as CHIP28 due to its molecular weight, is currently known as AQP1 (Preston et al., 1992) .
The current review aims at discussing the presence and function of AQPs in the male reproductive tract and sperm of mammals.
With this purpose, the work includes a classification and brief description of AQP function. The presence of AQPs in male reproductive organs (testis, efferent ducts and epididymis) and sperm is subsequently reviewed and the role of these AQPs discussed. The paper ends with a section on the relationship between AQPs and gamete cryobiology, with specific reference to sperm. It is worth noting that although the work mainly aims at covering domestic animal species, most of our current knowledge mainly comes from rodents (rats and, to lesser extent, mouse) and humans. In fact, studies on the specific role of AQPs much rely upon the availability of AQP knock-out mice models, as specific AQP inhibitors for in vivo use are scarce (Huang et al., 2006) . In any case, the current evidence helps understand the reproductive physiology of domestic animals and may also be used to increase the success of gamete cryopreservation.
| AQUAPORINS: UBIQUITOUS PROTEINS IN LIVE ORGANISMS

| Function
Aquaporins, from the Latin words aqua = water and porus = passage, are a family of highly conserved, integral transmembrane proteins that work as selective water channels (Agre, Sasaki, & Chrispeels, 1993) . This family of proteins belongs to the superfamily of integral membrane channel proteins, known as major intrinsic proteins (MIP).
Aquaporins facilitate the transport of water and, in some cases, certain small uncharged solutes, such as glycerol (Borgnia & Agre, 2001; Grayson, Tajkhorshid, & Schulten, 2003) , urea (Litman, SØgaard, & Zeuthen, 2009) , ammonia (Saparov, Liu, Agre, & Pohl, 2007) , hydrogen peroxide (Bienert et al., 2007) and arsenite (Liu et al., 2002) . AQPs increase the transport rates of these molecules across cell membranes by 10-to 100-fold Perez Di Giorgio et al., 2014) .
| Classification
Aquaporins are present in the three domains of life (Bacteria, Eukarya and Archaea), show high sequence homology and share functional and structural similarities (reviewed by Perez Di Giorgio et al., 2014) . Thus far, 13 members of the AQP family have been identified in mammalian cells and are classified on the basis of their sequence similarity and substrate selectivity into three major groups: orthodox AQPs, aquaglyceroporins (GLPs) and superaquaporins Huang et al., 2006; Ishibashi, Hara, & Kondo, 2009 ).
The first group is composed of seven members: AQP0, AQP1, AQP2, AQP4, AQP5, AQP6 and AQP8. They are water-selective channels, because they are permeable to water but not to small organic and inorganic ions/molecules (Huang et al., 2006) . In spite of this, AQP6 is involved in the transport chloride anion (Cl − ) at low pH (Yasui et al., 1999) .
The second group, also known as aquaglyceroporins, includes four members: AQP3, AQP7, AQP9 and AQP10, which are not only permeable to water but also to glycerol, urea and other small non-electrolytes . The basic structural difference between orthodox AQPs and GLPs is their pore size. Whereas the diameter of the pore is of 2.8 Å in the case of orthodox AQPs, it measures 3.4 Å in that of GLPs (reviewed by Sales, Lobo, Carvalho, Moura, & Rodrigues, 2013) .
Finally, the third group, also known as superaquaporins, includes AQP11 and AQP12 and presents low homology with respect to the other two groups (Murai-Hatano et al., 2008) . Superaquaporins are permeable to water, and AQP11 has also been suggested to be a glycerol channel in human adipocytes (Madeira et al., 2014) .
Superaquaporins differ from orthodox AQPs and GLPs in the absence of the asparagine-proline-alanine (NPA) motif, as alanine is replaced by cysteine (NPC; Gorelick, Praetorius, Tsunenari, Nielsen, & Agre, 2006) . They are expressed within the cell and are specifically localized in the membrane of intracellular organelles rather than in the plasma membrane. Therefore, superAQPs are involved in the intracellular water transport, regulation of organelle volume and intravesicular homeostasis (Badaut, Fukunda, Jullienne, & Petry, 2014; Nozaki, Ishii, & Ishibashi, 2008) .
| Structure
Structural studies have revealed that AQPs are assembled as tetramers in cell membranes (reviewed by Agre et al., 2002;  Figure 1 ). As each monomer in the tetramer is a functional unit (Preston et al., 1992; Shi, Skach, & Verkman, 1994) , the tetrameric structure has been proposed to be necessary to stabilize the position of individual monomers (Agre, 2006) . Each monomer consists of a single polypeptide chain of approximately 270 amino acids and spans the membrane six times with six hydrophobic, transmembrane α-helices (TMH1-6; Benga, 2009; Maurel, Reizer, Schroeder, & Chrispeels, 1993) . These helices are connected by three extracellular (A, C and E) and two intracellular loops Fujiyoshi et al., 2002; Kruse, Uehlein, & Kaldenhoff, 2006;  Figure 1 ).
On the other hand, it is worth noting that some AQPs (e.g., AQP1, AQP3 and AQP8) may be glycosylated. For example, non-glycosylated (25 kDa) and glycosylated forms (32-40 kDa) of AQP8 were identified in the rat testis (Calamita, Mazzone, Cho, Valenti, & Svelto, 2001) , and Lu, Li, Bi, Yu, and Li (2008) found non-glycosylated and glycosylated (35-45 kDa) forms of AQP1 in the testis, epididymis, vas deferens, prostate and seminal vesicles of the mouse. In contrast, AQP7 does not have glycosylated forms (Calamita, Mazzone, Cho et al., 2001 ).
| Regulation
Channel gating in AQPs is regulated by phosphorylation of serine and threonine residues, and pH changes affect the conformation of AQPs and modify their activity/permeability (Németh-Cahalan, Kalman, & Hall, 2004; Törnroth-Horsefield et al., 2010) . In addition, heavy metals (mercury, cooper and nickel) can affect the activity of some (e.g., AQP1, AQP2, AQP3, AQP8) but not all AQPs (e.g., AQP7; Yeung, Callies, Rojek, Nielsen, & Cooper, 2009; Zelenina, Bondar, Zelenin, & Aperia, 2003; Zelenina, Tritto, Bondar, Zelenin, & Aperia, 2004) .
| AQUAPORINS IN THE MALE REPRODUCTIVE TRACT
The presence and localization of AQPs in the male reproductive tract differ between regions, cell types and membrane domains (Table 1) .
These proteins have a crucial absorptive/secretion function throughout that tract and blood vessels exhibit different AQPs than the epithelium (Huang et al., 2006) . Hermo, Krzeczunowicz, and Ruz (2004) localized AQP0 in the Sertoli and Leydig cells of rat testes but not in the excurrent ducts. It is worth mentioning that these authors observed a semicircular staining pattern (from one-fourth to one half) of AQP0 in the Sertoli cells, which indicates that the distribution of this protein is restricted to a specific cell region. In addition, staining of those cells is not uniform, but there is a variation related to the stage of the seminiferous epithelium. In effect, Hermo et al. (2004) found that Sertoli cells at stages VI-VIII showed more intense AQP0 staining than those at stages I-V, and those at stages I-V were more intensively stained than those at stages IX-XIV. 
| AQP0
which suggests the mechanism through which AQP0 exerts its role during spermatogenesis may differ between species.
| AQP1
The localization of AQP1 in male reproductive organs differs between species, but most of the studies suggest that this protein participates in the absorption of the large amount of testicular fluid in the efferent ducts.
In the rat and the mouse, AQP1 is found in the epithelial cells of the rete testis, efferent ducts, epididymis, vas deferens, prostate and seminal vesicles, but it is absent from the germ cells of the seminiferous epithelium (Arrighi, Aralla, Genovese, Picabea, & Bielli, 2010; Brown, Verbavatz, Valenti, Lui, & Sabolić, 1993; Lu et al., 2008 ; Table 1 ). In the sheep, AQP1 is localized in the apical region of epithelial cells of both the efferent ducts and the initial epididymal segment and in the microvilli of principal cells of the caput (Schimming, Pinheiro, de Matteis, Machado, & Domeniconi, 2015) . In the dog, AQP1 is found in the rete testis, efferent ducts and blood vessels (Domeniconi, Orsi, Justulin, Leme Beu, & Felisbino, 2008) . In the cat, AQP1 is present in the apical surface and lateral plasma membrane of the non-ciliated cells of the efferent ducts, in the smooth muscle layer of the vas deferens and in the blood vessels of the entire male reproductive tract, and it is absent from the rete testis, the ciliated cells of the efferent ducts, the epididymis and vas deferens (Arrighi & Aralla, 2014; Arrighi, Ventriglia et al., 2010) . In the buffalo, AQP1 is mainly localized in the apical surface (and to a lesser extent in the basal membrane) of the non-ciliated cells of the efferent ducts, in the smooth muscle layer of the vas deferens, in the blood vessels of the entire male reproductive tract and in small nerve bundles, but it is absent from the epithelium of epididymis and vas deferens (Arrighi, Bosi, Accogli, & Desantis, 2016) . The absence of AQP1 in germ cells of most mammals contrasts with bats, where AQP1
has been found in spermatids (Oliveira, Campolina-Silva, Nogueira, Mahecha, & Oliveira, 2013) .
In short, AQP1 is present in the efferent ducts of all mammalian species investigated thus far and its localization differs between ciliated and non-ciliated cells. Whereas AQP1 is expressed in the cilia of Table 1 ). In addition, there is also a consensus on the localization of AQP1 in the smooth muscle layer of the vas deferens and in the endothelial cells of blood vessels (Badran & Hermo, 2002; Da Silva et al., 2006) .
| AQP2
Aquaporin 2 Table 1 ). In the cat, AQP2 is present in the Leydig cells, the apical surface of principal cells from corpus to cauda epididymis and, to a lesser extent, in the epithelial cells of the vas deferens, and absent from the efferent ducts and caput epididymis (Arrighi & Aralla, 2014) . These localizations contrast with those found in dogs, where AQP2 is not only present in the efferent ducts and in epididymal corpus and cauda, but also in the rete testis (Domeniconi et al., 2008) .
Therefore, AQP2 is, in most of the species studied thus far, present in the epithelial cells of the epididymal corpus and cauda and in the vas deferens, which suggests that this protein is involved in the maintenance of a proper environment for sperm maturation (Stevens et al., 2000) .
| AQP3
Aquaporin 3 is not present in the testis or efferent ducts, but it has been found in the rat epididymis in a cell-specific manner. In effect, whereas AQP3 is present in the basal cells, it is absent from principal, clear and narrow cells (Hermo et al., 2004 ; Table 1 ).
| AQP7
Aquaporin 7 was first identified in the seminiferous epithelium of the rat testis by Ishibashi et al. (1997) and was suggested to be involved T A B L E 1 (Continued) in the reduction of cytoplasm during spermiogenesis. This protein is found in elongated spermatids, sperm and residual bodies in the testis and in basal, clear and halo cells of the epididymis (Calamita, Mazzone, Cho et al., 2001; Calamita, Mazzone, Bizzoca, & Svelto, 2001; Da Silva et al., 2006; Hermo et al., 2008; Hermo & Smith, 2011 ; Table 1 ). After spermiation, AQP7 staining is mainly confined to the sperm mid-piece and cytoplasmic droplet (Suzuki-Toyota, Ishibashi, & Yuasa, 1999) , and its localization in ejaculated sperm will be discussed in the next section. In the dog, AQP7 is present in the epididymis and vas deferens (Domeniconi et al., 2008) .
In a similar fashion to AQP2, AQP7 has also been reported to vary along the age. In rats, Calamita, Mazzone, Bizzoca et al. (2001) found that the expression of AQP7 increased from 45 to 90 post-natal days.
| AQP8
Aquaporin 8 is present in primary spermatocytes, elongated spermatids, Sertoli cells and residual bodies in rats (Badran & Hermo, 2002; Calamita, Mazzone, Bizzoca et al., 2001; Hermo et al., 2008) . As AQP8
is found in the plasma membrane and within the cells of the germinal epithelium, it has been suggested to be involved in the reduction of cytoplasm during the differentiation of spermatids into spermatozoa (Calamita, Mazzone, Cho et al., 2001 ; Table 1 ).
As in the case of AQP2 and AQP7, the expression of AQP8 varies along the age in rats, the relative levels of this protein being higher at 20 than at 15 post-natal days (Calamita, Mazzone, Bizzoca et al., 2001 ). While consensus on the presence of AQP8 in the testis exists, the literature is less consistent with regard to its expression in the epididymis (Badran & Hermo, 2002; Calamita, Mazzone, Bizzoca et al., 2001; Calamita, Mazzone, Cho et al., 2001; Elkjaer et al., 2001 ).
| AQP9
Aquaporin 9 is the most studied and abundant AQP in the male reproductive tract, especially in the epididymis, and mounting evidence suggests that its main function is related to the reabsorption/secretion dynamics and solute transport along the excurrent ducts (Da Silva et al., 2006; Pastor-Soler et al., 2001 ).
In several species, such as rats, sheep, pigs, cats, dogs and horses, AQP9 is present in the plasma membrane of the Leydig cells, microvilli of non-ciliated cells of the efferent ducts, microvilli of principal cells in all epididymal regions and in the epithelial cells of the prostate and coagulating gland (Arrighi & Aralla, 2014; Badran & Hermo, 2002; Domeniconi, Orsi, Justulin, Beu, & Felisbino, 2007; Ford et al., 2014; Hermo & Smith, 2011; Klein et al., 2013; Pastor-Soler et al., 2001; Schimming et al., 2015; Schimming, Baumam, Pinheiro, de Matteis, & Domeniconi, 2017 ; Table 1 ). Nevertheless, there are some variations between species. In the sheep, AQP9 is also found in the nuclei of epididymal epithelial cells of the initial segment, caput and corpus, and in the plasma membrane of cauda epithelial cells (Schimming et al., 2015) . A specific localization has also been reported for bats, as AQP9 is present in the stereocilia of principal cells of all epididymal regions but not in the testis or efferent ducts (Castro et al., 2017; Oliveira et al., 2013 ; Table 1 ). In the dog, Domeniconi et al. (2007) observed that AQP9 staining was stronger in corpus and cauda than in caput epididymis and also found AQP9 in the initial segment of the vas deferens. In the pig, localization of AQP9 has been found to vary along the age (Schimming et al., 2017) . In effect, whereas AQP9 is restricted to the apical region of epithelial cells in caput and corpus of pre-pubertal animals, post-pubertal animals show AQP9 staining in the nuclei of epithelial cells of all the epididymal regions (Schimming et al., 2017) .
In the buffalo, AQP9 is absent from the efferent ducts and caput epididymis and there are differences of AQP9 staining in corpus and cauda epididymis and in the vas deferens between mating and nonmating seasons. During the mating season, intra-epithelial crypts of corpus express AQP9 and the staining of the apical surface of epithelial cells in the epididymal cauda and vas deferens is much more apparent (Arrighi et al., 2016) . These differences between mating and non-mating seasons may underlie an altered reabsorption of luminal fluid, which may explain why buffalo sperm quality in the non-mating season is lower than that of the mating season (Arrighi et al., 2016) . On the other hand, Pietrement et al. (2008) showed that AQP9 has a SVIM COOH-terminal motif through which this protein interacts with two PDZ domains (protein interaction domains present in scaffolding proteins) of sodium-hydrogen antiporter 3 regulator 1 (NHERF1). Pietrement et al. (2008) also found that cystic fibrosis transmembrane conductance regulator (CFTR), a membrane channel that allows chloride transport across epithelial cell membranes and whose mutations underlie cystic fibrosis, co-immunoprecipitates with AQP9. As water transport is regulated by CFTR in the more distal regions of the epididymis and vas deferens (Sedlacek, Carlin, Singh, & Schultz, 2001; Wong, 1998) , cystic fibrosis is known to be related to male infertility (Sedlacek et al., 2001; van der Ven, Messer, van der Ven, Jeyendran, & Ober, 1996; Wong, 1998) and CFTR immunoprecipitates with AQP9, Pietrement et al. (2008) suggested that CFTR and NHERF1, together with AQP9, take part in a finely regulated mechanism of water and solute transport along the excurrent ducts.
| AQP10
There are not many studies on the presence of AQP10 in the male reproductive tract. In the rat, AQP10 is present in the ciliated and nonciliated cells of the efferent ducts, in the endothelium of blood vessels of the efferent ducts and in the epididymis, but it is absent from the testis and epithelial epididymal cells (Hermo et al., 2004) .
| AQP11
Aquaporin 11 is expressed in the testis and in the microvilli of principal, basal and halo epididymal cells (Hermo et al., 2008; Hermo & Smith, 2011; Shannonhouse et al., 2014 ; Table 1 ). In the Syrian hamster, the expression of Aqp11 is related to changes in the testicular weight in response to variable photoperiod (Shannonhouse et al., 2014) . In addition to this, AQP11
has been suggested to play a crucial role in the regulation of sperm production, as expression of Aqp11 is correlated with that of genes governing spermatogenesis (Hspa2 and Tnp2), steroidogenesis (Cox2, 3βHsd and Srebp2), sperm motility (Catsper1, Pgk2 and Tnp2), inflammation (Cox2) and apoptosis (Bax and Bcl2; Shannonhouse et al., 2014) .
The expression of AQP11 in the efferent ducts has also been reported to depend on the age, as it is present in the efferent ducts of young but not in those of adult rats (Hermo & Smith, 2011) .
| Other AQPs
Apart from AQP1, AQP2, AQP3, AQP7, AQP8, AQP9, AQP10 and AQP11, AQP5 is expressed in the endosomal membranes of corpus and cauda epididymis (Da Silva et al., 2006; Hermo et al., 2008; Hermo & Smith, 2011;  
| Functions of AQPs in the male reproductive tract
As aforementioned, AQPs are mainly found in the Sertoli and Leydig cells and in the epithelial cells of the excurrent ducts lining the lumen.
In all those localizations, they are involved in increasing sperm concentration, in balancing the luminal environment during spermatogenesis and epididymal maturation, and in sperm storage and transport (Huang et al., 2006) .
Mounting evidence supports the specific association of AQPs with cell membrane domains and specializations (cilia, microvilli), cell types (i.e., germ and Sertoli cells in the testis, principal cells in the epididymis), regions (e.g., caput vs. cauda) and age (young vs. adult animals) and indicates that a precise regulation of these channels plays a crucial role for the homeostasis of the reproductive system. Moreover, AQP expression varies with respect to reproductive seasons. In effect, AQP9 expression is decreased in the non-reproductive season in a bat species (Artibeus lituratus) and buffalos (Arrighi et al., 2016; Oliveira et al., 2013) .
| Spermatogenesis
In the testis, AQPs are present in the Sertoli and Leydig cells, which supports their involvement in fluid secretion and absorption during spermatogenesis (Huang et al., 2006) . In addition, the fact that the expression of AQP0 in Sertoli cells differs across the seminiferous epithelium also indicates that AQPs are related to the morphological and volume changes of germ cells (Hermo et al., 2004) . Moreover, Yang, Song, Zhao, and Verkman (2005) found that AQP8-null mice exhibited reduced cell membrane permeability to water and presented higher testis weight and higher ratio of spermatogenic cells to Sertoli cells than the wild type, which suggests that deficiencies in AQP8 could lead to abnormal spermatogenesis and sperm development. However, these mice did not exhibit reduced fertility, which implies that other
AQPs could compensate AQP8 function in null mice.
On the other hand, AQP7 and AQP8 have been suggested to be in- 
| Fluid reabsorption and epididymal maturation
The fact that AQPs are present in the efferent ducts and epididymis is explained by the necessity of setting a suitable environment (i.e., fluid composition) for sperm maturation and storage in the epididymal cauda. In particular, AQP1 and AQP9 are thought to be involved in the reabsorption/secretion dynamics of epididymal epithelial cells during sperm maturation. However, differences in the AQPs between species (e.g., rodents vs. bats) highlight the complexity of their regulation and function and warrant further research.
The efferent ducts reabsorb approximately 90% of the rete testis fluid to concentrate sperm prior to entering the epididymis (Clulow, Jones, Hansen, & Man, 1998) . Such reabsorption needs several water and ion channels located in the epithelial cells lining the lumen. Whereas ion channels are basolateral sodium-potassium pump (Na + /K + -ATPase), apical sodium-hydrogen antiporter 3 (also known as sodium-hydrogen exchanger 3, NHE3), chloridebicarbonate exchanger and CFTR (Huang et al., 2006) , water channels are AQPs, especially AQP1 and AQP9. The specific presence of AQP1 in the efferent ducts and AQP9 in the epididymis, the former being an orthodox AQP and the latter being an aquaglyceroporin, could be related to the precise function of each of those regions.
Therefore, whereas AQP1 mainly transports water in the efferent ducts and thus leads the sperm concentration to increase, AQP9 transports water, glycerol and other solutes that are required for sperm maturation. This hypothesis is supported by the presence of another aquaglyceroporin (AQP3) in epididymal basal cells which, together with that of AQP9 in principal cells, is involved in the transport of water and glycerol from the epithelium to the epididymal lumen during sperm maturation (Hermo et al., 2004) .
| Accessory glands
Despite less documented than in the testis and excurrent ducts, AQPs are also present in accessory glands, which are crucial for their contribution to seminal plasma (see Bromfield, 2016 for review). In effect, AQP1 is found in the prostate and seminal vesicles (Brown et al., 1993) and AQP9 is found in the prostate and the coagulating gland of rats (Pastor-Soler et al., 2001) . This indicates that the contribution of AQPs to the composition of seminal fluid is not restricted to the efferent ducts, epididymis or vas deferens, but that malfunction of AQPs in the accessory glands could affect their secretions and hence seminal plasma composition. Metabolic syndrome has also been reported to affect the expression of AQP1 and AQP9 in the rabbit epididymis, as high-fat diet increases the expression of AQP9 and TNFα and decreases that of AQP1 (Marchiani et al., 2015) . On the other hand, nutrition during foetal and pre-pubertal life has also been found to alter the expres- 
| Relationship of AQPs and pathophysiology
| AQUAPORINS IN MAMMALIAN SPERM
Although a large number of studies have described the potential role of AQPs in the male reproductive tract, the identification, localization and function of these proteins in spermatozoa have been studied less, despite its interest and potential implications. While AQP3, AQP7, AQP9 and AQP11 are the most investigated, AQP2, AQP4, AQP5, AQP6, AQP10 and AQP12 have not been identified in mammalian sperm.
In fact, not only do AQPs play an important role in both male and female reproductive tracts but also on the sperm adaptation after ejaculation (Yeung, Barfield, & Cooper, 2006; Yeung, Callies, Tüttelmann, Kliesch, & Cooper, 2010) . After ejaculation, sperm enter the female reproductive tract and are exposed to a mild osmotic variation (from ~415 mOsm/kg in the cauda epididymis to ~310 mOsm/kg in the uterine cavity; Cooper & Yeung, 2003; . While this osmotic change (osmoregulation) is involved in the activation of sperm motility, it needs to be precisely regulated as, otherwise, sperm cells would swell or shrink, which could negatively affect their integrity and function (reviewed by Cooper & Yeung, 2003) .
| AQP1
To the best of our knowledge, Liu et al. (1995) were the first to study the presence of AQPs in mammalian spermatozoa. These authors investigated whether AQP1, the first discovered AQP (initially known as CHIP28), was present in human sperm but they could neither find this protein using immunoblotting nor alter the sperm water permeability when mercuric chloride, an AQP1 blocker, was used. A further study also demonstrated that ram and mouse sperm neither presented AQP1 (Curry, Millar, & Watson, 1995; Lu et al., 2008) . In contrast, Ito et al. (2008) found AQP1 in dog sperm (Table 2 ).
| AQP3
Aquaporin 3 is present in the mid-piece of mouse, human, boar, bull and stallion sperm (Bonilla-Correal et al., 2017; Laforenza et al., 2016; Prieto-Martínez et al., 2015; ; Table 2 ). studied the role of AQP3 in sperm osmoregulation. They set up a knock-out, heterozygous Aqp3 −/− model and found that, although activation of sperm motility in response to osmolality decrease did not change when compared to the wild type, the spermatozoa from the knock-out model exhibited less ability to regulate their volume, so that cell volume was increased and tails adopted a hairpin-like form after entering the uterus. Such a deformation hampered the sperm migration along the oviduct and affected their fertilizing ability. These data led to suggest that AQP3 is crucial for the regulation of sperm volume.
Moreover, studies conducted in pigs and bulls investigated whether the relative levels of this protein in fresh semen could predict sperm cryotolerance (i.e., the resilience to withstand freeze-thawing procedures). Relative AQP3 content in boar but not in fresh bull semen was found to predict the sperm cryotolerance (Prieto-Martínez, Prieto-Martínez et al., 2017) . Although differences between species exist, the involvement of AQP3 in boar sperm cryotolerance is consistent with its role in the regulation of sperm volume , as freezing media are of high osmolality.
| AQP7
AQP7 is found in round and elongated spermatids, in the tail of testicular sperm and in the mid-piece of ejaculated sperm of mice, rats, hu- Functional studies support a relationship between AQP7 and sperm quality and fertilizing ability. In humans, Saito et al. (2004) conducted a study comparing fertile and infertile men and reported that while ejaculated sperm from all fertile men presented AQP7, spermatozoa were devoid of AQP7 in 23% of infertile men. In agreement with these data, found that spermatozoa from 10% of infertile human patients showed no clear AQP7 staining. In contrast to these findings, other studies have demonstrated that knock-out mice for Aqp7 are fertile and produce normal functional spermatozoa, possibly due to the fact that their function is compensated by other AQPs (Sohara et al., 2007) . Furthermore, Kondo et al. (2002) showed that a homozygous mouse for a non-functional mutation in AQP7 remained fertile, implying that this protein could not be indispensable for sperm fertility.
A positive correlation between relative AQP7 content and sperm parameters has also been found in different species. In effect, relative AQP7 content is correlated with sperm progressive motility, and sperm motility of infertile human patients lacking AQP7 in ejaculated spermatozoa is significantly lower than that of sperm exhibiting positive AQP7 staining (Saito et al., 2004; . Besides, Moretti et al. (2012) observed that AQP7 staining was weaker in morphologically abnormal spermatozoa. However, these results differed from Sohara et al. (2007) , who set a knock-out Aqp7 model without differences in the morphology of testes and found that sperm production, motility, in vitro and in vivo fertilization ability did not differ between that knock-out model and the wild type. Therefore, although most of the data suggest that AQP7 is involved in the maintenance of sperm motility and the absence of AQP7 in ejaculated spermatozoa may be an underlying cause for male infertility, more research is required to shed light on some inconsistencies.
Finally, relative AQP7-transcript levels in bull frozen-thawed sperm were found to be positively correlated with relative volume change and sire conception rates, so that those sperm cells exhibiting higher relative AQP7-transcript abundances were suggested to be the ones that could better withstand freezing and thawing (Kasimanickam, Kasimanickam, Arangasamy, & Kastelic, 2017) . As sperm are transcriptionally silent cells, it should be hypothesized that transcript levels should be considered as an indirect measure of protein levels from spermatogenesis. These results concur with those of Prieto-Martínez, and Prieto-Martínez, Vilagran et al. (2016) , who obtained similar results both in boar and bull sperm.
| AQP8
Aquaporin 8 is present in the elongated spermatids and testicular sperm of the mouse (Yeung et al., 2009 ). In the human, AQP8 is present in all germ cells and in the sperm mid-piece (Laforenza et al., 2016; ; Table 2 ).
As relative AQP8 content in human sperm is inversely correlated with the coiling degree of sperm tail, this protein has been suggested to be involved in the sperm adaptation to osmolality variations . However, as no AQP8 differences between fertile donors and infertile patients are found , and the number of studies focused on AQP8 is low, further research is required to elucidate the actual role of this protein with regard to mammalian sperm physiology.
| AQP9
While, as aforementioned, AQP9 is present in all reproductive male organs, there are fewer studies reporting its presence in sperm. It is worth noting that despite Yeung et al. (2009) finding Aqp9 transcripts in mouse sperm, they could not confirm the presence of AQP9 after immunoblotting, as the antibody did not seem to be specific. In addition, although Vicente-Carrillo et al. (2016) found AQP9 in the head of epididymal and ejaculated boar sperm, this protein was suggested to play a marginal role during chilling, freezing and thawing procedures (Table 2) . Thus, even though more research is required to confirm the presence of AQP9 in the sperm of other mammalian species, current evidence indicates that, if present, its role is not as important as that of the other AQPs.
| AQP11
AQP11 is found in mouse, rat, boar and stallion sperm and has been suggested to be linked to the reduction of cytoplasm of elongated spermatids (Bonilla-Correal et al., 2017; Prieto-Martínez, Vilagran et al., 2016; Prieto-Martínez et al., 2017; ; Table 2 ). Interestingly, non-glycosylated/glycosylated forms of this protein have been identified in the testis (26/27 kDa) and sperm (33/34 kDa) of rats and mice . Unfortunately, there was an attempt to produce an Aqp11-null mice model, but it developed polycystic kidneys causing their death due to a severe renal failure (Matsuzaki et al., 2017) . Therefore, addressing how the efflux of water and non-metabolizable substances is performed via AQP11 is much difficult as, thus far, there is no viable Aqp11 knock-out mouse model.
In addition to mouse and rat sperm, other studies conducted in our laboratory have shown that this protein is present in the head, midpiece and more diffusely in the principal piece of boar sperm (PrietoMartínez, Vilagran et al., 2016) . While the relative AQP11 content was found to be correlated with sperm motility and membrane integrity of fresh boar sperm, it was not confirmed as a cryotolerance marker when good and poor freezability ejaculates were compared (PrietoMartínez, Vilagran et al., 2016; Prieto-Martínez et al., 2017) .
| Functions of AQPs in sperm
Aquaporins appear to play a crucial role in the regulation of sperm volume, as these cells encounter media of different osmolality along their journey, from the testis and epididymis to entering the uterus and the oviduct. In effect, AQP7 is involved in the reduction of spermatid volume during spermiogenesis, as the environment in the seminiferous tubule is hypertonic (Suzuki-Toyota et al., 1999) . AQP7 is present in epididymal spermatozoa and is involved in shedding the cytoplasmic droplet during sperm maturation. As aforementioned, AQP7 also plays a vital role for regulation sperm volume when they enter the female reproductive tract and encounter a hypotonic medium.
One should note that AQPs have been reported to be balanced, as a decrease in the expression of a given AQP appears to be com- showed that water transport in the sperm of those animals was similar to that of the wild type. Such a difference was explained by the concomitant upregulation of Aqp8 expression.
To end with this section, it is worth mentioning that Laforenza et al. (2016) investigated the presence and relative content of AQP3, AQP7, AQP8 and AQP11 in human sperm and suggested that, as these proteins are permeable to both water and hydrogen peroxide, inhibition and/or malfunction of AQPs in human sperm could be related to a compromised sperm ability of ROS scavenging, which could ultimately damage sperm function and reduce their fertilizing ability.
Concretely, these authors proposed a model in which, under oxidative stress, water transport through AQP3 and AQP7 would be reduced.
Under oxidative stress, AQP8 permeability to hydrogen peroxide could also be compromised, which would lead the hydrogen peroxide to accumulate into the mitochondria, thereby affecting the sperm function.
| AQUAPORINS AND CRYOBIOLOGY OF GAMETES AND EMBRYOS
Nowadays, fertility preservation is an essential part of reproductive science that not only refers to gametes (sperm and oocytes) and embryos, but also to reproductive organs such as ovarian and testicular tissues. However, while cryopreservation is known to allow cells to be stored for long periods of time, cryoinjuries may compromise their integrity (reviewed by Bagchi et al., 2008; Chian et al., 2013; Yeste, 2016; ) . Therefore, any step forward to increase cell cryotolerance is much appreciated.
The permeability of plasma membrane to water and cryoprotectants (CPA) is crucial during cryopreservation (Tan et al., 2013) .
As aforementioned, the transport of water and CPA across the plasma membrane takes place via simple diffusion through the lipid bilayer and facilitated diffusion through channel proteins. Whereas transport rates of water and CPAs are low in simple diffusion, they are much higher in facilitated diffusion where AQPs are involved (Jin et al., 2011) . In this context, AQPs are crucial to prevent osmoticinduced damage, one of the major risks of cryopreservation protocols (Kumar, Coger, Schrum, & Lee, 2015) . Moreover, because glycerol is the most used permeable CPA, the presence of aquaglyceroporins (e.g., AQP3, AQP7) might be relevant for the survival of cryopreserved cells.
For all these reasons, many efforts have been made to elucidate the relevance of AQPs for the cryotolerance of oocytes and embryos.
In this context, it is important to distinguish oocytes and early stage embryos, where water and solutes mainly move by simple diffusion, from late stage embryos (morulae and blastocysts), where facilitated diffusion has been proposed (Edashige, 2016) . In effect, Jin et al. (2013) confirmed that apart from the decrease in cytoplasmic droplets, an additional reason for pig expanded blastocysts to be more cryotolerant than oocytes could be related to the presence of water/ cryoprotectant channels, as whereas water would be transported through simple diffusion in the former, it would flow through facilitated diffusion in the latter. Amongst other channels, the presence of AQP3 would be involved in that facilitated diffusion.
As far as oocytes are concerned, Edashige, Yamaji, Kleinhans, and Kasai (2003) demonstrated that the injection of cRNA encoding for Aqp3 into mouse oocytes increased both glycerol permeability and cell survival after vitrification. Morató, Chauvigné, Novo, Bonet, and Cerdà (2014) reported that the exogenous expression of AQP3 in in vitro-matured porcine oocytes also increased the permeability to water and ethylene glycol. Moreover, AQP7 is involved in the tolerance to hyperosmotic stress and survival of human oocytes following cryopreservation (Tan et al., 2013) , which agrees with the Aqp7 upregulation observed in mouse oocytes in response to the high hyperosmolality of vitrification media (Tan et al., 2015) . Furthermore, when mouse oocytes are microinjected with siRNA-Aqp7, their cryotolerance is reduced (Tan et al., 2015) .
With regard to embryos, Edashige et al. (2006) and Jin et al. (2011) described that cell permeability to water and CPAs in mouse and bovine morulae was associated with the expression of AQP3. Related with this, Jin et al. (2013) found that the expression of AQP3 was significantly higher in pig blastocysts than in oocytes and morulae, which Contrasting to the high number of studies that have attempted to address the involvement of AQPs in cryopreservation of oocytes and embryos, the number of works that deal with this issue in sperm is scarce. Certainly, freezing media contain permeable and non-permeable cryoprotectants and are of high osmolality, which poses an osmotic challenge (reviewed by Yeste, 2015 Yeste, , 2016 . In this regard, although previous studies have tried to elucidate how AQPs are involved in the regulation of sperm volume when facing osmolality changes along the male and female reproductive tracts Yeung et al., 2009 , such changes are milder when compared to those that sperm encounter when placed in freezing media (300/400 vs. 300/1,000 mOsm/kg).
In a very interesting paper, Vicente-Carrillo et al. (2016) showed that exposure of boar sperm to freezing medium induced changes in AQP7 localization, as AQP7 staining was observed in the sperm head after freeze-thawing. Boar and bull spermatozoa with higher relative AQP3 and AQP7 content have also been suggested to be more resilient to withstand cryopreservation procedures, which, as aforementioned, includes the osmotic shock of freezing media (Prieto-Martínez, Prieto-Martínez et al., 2017) .
All these data confirm that AQP plays specific roles in the response of sperm cells to cryopreservation, and further research should address whether AQPs (AQP3, AQP7, AQP8 and AQP11) are relevant for sperm cryopreservation in other mammalian species.
| AQPS IN NON-MAMMALIAN SPECIES
The current review is aimed at the mammalian male, but given that significant number of studies that have investigated this topic in non-mammalian species, it seems appropriate to refer to this issue succinctly. In fish, several works have found that AQPs are involved in the regulation of sperm motility. Readers are referred to elegant and very recent reviews (Boj, Chauvigné, & Cerdà, 2015; Cerdà, Chauvigné, & Finn, 2017) .
As far as avian species are concerned, AQP1, AQP5, AQP7, but not AQP2, AQP3, AQP4, AQP8, AQP9 and AQP11, have been identified in the testis and vas deferens of White Koluda Geese. Interestingly, Skowronski, Leska, Robak, and Nielsen (2009) found AQP1 in the endothelial cells of blood vessels (in a similar fashion to that observed in mammals) and AQP7 in the elongated spermatids and sperm. In contrast, Zaniboni, Akuffo, and Bakst (2004) observed that AQP2, AQP3
and AQP9 are present in the duct epithelia and epididymis, concretely in non-ciliated cells and in the apical region and cilia of ciliated cells.
These data support the involvement of AQPs in the epididymal maturation of avian sperm and, together with other studies in vertebrates, suggest a conserved evolutionary function of these proteins across the animal kingdom.
| CONCLUSIONS
Aquaporins are present in all cells, tissues and organs and play a vital role for the transport of water and solutes across lipid bilayers. In the reproductive organs of the mammalian male, all AQPs (except AQP6 and AQP12) are expressed. The most studied and abundant AQPs are AQP1 and AQP9, which are involved in the dynamics of secretion/ reabsorption along the efferent ducts, epididymis and vas deferens.
Although the mechanisms through which such reabsorption takes place have not been completely elucidated, the presence of AQPs, especially in the case of the non-ciliated cells of the efferent ducts, has led some authors to suggest these proteins are crucial for the transcellular route that complements fluid phase endocytosis (Arrighi & Aralla, 2014; Arrighi et al., 2016) . In sperm, most of the AQPs found belong to the group of aquaglyceroporins or superaquaporins (AQP3, AQP7 and AQP11), which are able to transport glycerol. In addition, it is important to emphasize that localization and expression of AQPs in both the male reproductive tract and sperm differ between species, season and age. The expression of AQPs, especially AQP3, in oocytes and embryos has been suggested to play a vital role for cryotolerance and artificial expression of AQP3 increases cell survival following cryopreservation. In sperm, AQP3 and AQP7 have been suggested as potential cryotolerance markers in boar and bull sperm. Further research is required to address how these proteins exert that effect and to determine whether this knowledge may be used to improve sperm cryopreservation protocols (Boj et al., 2015) . Finally, the fact that AQPs are ubiquitous warrants further research in other domestic animal species.
